ABSTRACT The effects of a supplementation of P from monobasic calcium phosphate (MCP; Ca(H 2 PO 4 ) 2 ) to low-P basal diets were studied in growing Pekin ducks. Body weight gain and feed conversion were studied in two separate periods between Days 1 to 21 (Experiment 1) and between Days 21 to 49 (Experiments 2 and 3). Retention of P was measured by comparative slaughter technique in Experiment 1. Additionally, two balance trials with quantitative determination of intake and excretion of P were conducted between Days 12 to 17 and between Days 30 to 35. MCP was supplemented in 7 or 6 graded levels at the expense of sand. In cases when ANOVA showed a significant effect of MCP supplementation, the response of ducks was described by nonlinear functions.
INTRODUCTION
According to statistics of the United Nations Food and Agriculture Organization, international food markets have a rapidly growing interest in duck. Their growth 309 4.3 g/kg between Days 12 to 17 and Days 30 to 35. The cumulative efficiency of utilization (retention/intake × 100) of dietary P from the basal diet was 49% (Days 12 to 17) and 43% (Days 30 to 35), and approached maximum with increasing supplementation of MCP of 55 and 53%, respectively, before it decreased again with further increase in MCP supplementation. The marginal efficiency of supplemental P (∆y/∆x) showed a maximum of 86% (Days 12 to 17) and 92% (Days 30 to 35), and this maximum was achieved where only 75 and 72% of y max in P retentions were achieved.
It is concluded that ducks require a lower P concentration in the diet with increase in age, but that the efficiency of utilization of P from inorganic salts is not clearly affected by age. Conclusions regarding the P requirement largely depend on the response criterion chosen. Based on P retention data, a dietary level of available P is recommended to be 3.4 (Days 1 to 21) and 2.3 g/kg (Days 21 to 49), although growth was unaffected by P even at lower concentrations of available P. Future comparative studies on the availability of P from ingredients should be conducted at a dietary P concentration that allows for identifying the maximum in utilization. potential has been improved by breeding in recent decades, related to a change in body composition and an improvement in feed conversion ratio (Timmler and Jeroch, 1999) . Like other species, ducks need phosphorus (P) for skeletal growth and the commonly known metabolic functions. Dose-response studies with a wide range in supply of the nutrient under study are the preferential way of investigating the requirements for essential nutrients (Baker, 1986) . So far, no such studies have been published on ducks with regard to P. Furthermore, the application of the factorial approach to estimate P requirement is hardly possible with ducks, as details about individual factors are not published (e.g., P concentration in BW gain, maintenance requirement, and efficiency of utilization). Intense duck production systems, however, depend on exact knowledge about the requirement in order to minimize P input for environmental concerns.
Plant ingredients are the basis for compound duck feed. Ingredients of animal origin, such as meat meal or bone meal with their high concentration of highly available P, are currently banned from feeding in many countries, e.g., in the European Union. P in plant ingredients is largely present in the form of phytic acid and its salts (Eeckhout and de Pape, 1994; NRC, 1994) and is hardly available to poultry, at least when no phytase is contained in the diet. Inorganic phosphates are, therefore, widely used to increase the concentration of available P in the diet. Nothing is known about the availability of inorganic P salts to ducks. For other poultry species such as broiler chickens, the slope-ratio technique has often been used for comparing different phosphates in relation to a standard source. This procedure, however, leads to a different ranking of phosphates depending on the chosen response criterion (Ravindran et al., 1995) . Quantitative measurements of P retention in the whole body or of P excretion are alternative measures that allow for the determination of quantitative data on P availability. First, however, we need to know to what extent the efficiency of utilization depends on the level of P intake and up to which dietary P level the measured efficiency of utilization can be interpreted as availability of the dietary P.
The aim of the present study was to establish doseresponse curves with P in Pekin ducks with data from both growth and balance trials as response criteria. The curves are the basis for considerations on the P requirement of ducks and on methodological aspects of determining P availability in ducks. Two growth periods were considered separately: from Days 1 to 21 of age and from Days 21 to 49 of age.
MATERIALS AND METHODS

Birds and Diets
General. Three experiments were conducted with white Pekin ducks of the breed Stolle Seddin Vital.
5 All experiments were approved by the ethics committee of our university in accordance with German animal welfare legislation. The experiments were designed as dose-response trials with dietary P concentration adjusted by the supplementation of P from monobasic calcium phosphate (MCP; Ca(H 2 PO 4 ) 2 ), 6 at the expense of sand, aiming at constant ME and protein levels within each experiment. MCP was from the same lot in all experiments. In order to allow for a sufficiently wide range in response, a low basal dietary P level was intended. It was presumed that, like other growing animals, younger ducks require a higher P concentration in the diet than older ones, and the diets were adjusted accordingly. A basal level of Ca between 5.6 and 6.1 g/kg was used in the experiments according to the low-P concentrations in order to avoid negative effects of a too wide Ca to P ratio on P availability at marginal P supply. All diets were mixed and pelleted through a 3-mm die in the feedmill facilities of the Research Center for Animal Sciences of our university in Merbitz. The growth trials were conducted at this center as well. The balance trials were conducted in the animal housing facilities of the institute on campus in Halle. Temperature and illumination within the animal houses were adjusted according to the optimum conditions as given by the management guide of the breeder. Ducks in all experiments had continuous access to tap water (<2 mg of P/L) from nipple drinkers with attached cups. Experiment 1. This experiment comprised one growth and one balance trial. For the growth trial, 384 1-d-old ducklings were evenly distributed to 32 floor pens on straw bedding (12 ducks per pen), and four pens each were allocated to one out of eight diets. Diets were offered ad libitum from automatic feeders until 21 d of age. A basal diet mainly based on corn and solvent-extracted soybean meal was used (Table 1) . Free amino acids were supplemented according to results from previous studies with this breed (Timmler and Jeroch, 1999) . The calculated concentration of AME was 2,900 kcal/kg (12.2 MJ/kg), based on raw material data for broiler chickens. Phosphorus from MCP was supplemented in seven graded levels. The analyzed P concentrations in the diets were (in g/ kg): 4. 09, 4.76, 5.32, 5.63, 6.59, 7.10, 7.96, and 8.63 . The calculated nonphytate phosphorus (NPP) concentration of the basal diet was 1.8 g/kg. The concentration of Ca increased correspondingly from 5.6 to 9.1 g/kg. Ducks were individually weighed at the onset of the growth trial, after 1 and 2 wk on trial, and at the end of the trial after 3 wk. Feed intake was recorded for the corresponding intervals. Feed intake and BW gain could not be measured for individuals, and data are given on a pen-basis. After termination of the trial, two ducks from each pen that were closest in BW to the respective pen average were killed with CO 2 after being deprived from feed for approximately 16 h; the birds were then frozen at −18 C. Bodies were cut into small pieces by a ribbon saw and homogenized in a cutter. 7 Representative samples were taken and freeze-dried for further processing. For mineral analysis, the freeze-dried sample was quantitatively defatted with petroleum ether, and the defatted material was pulverized in a ball mill. 8 An additional 60 ducklings were killed on Day 1 and were used for determination of initial body composition (six groups of 10 ducklings each). Bodies were treated and samples were obtained as described for the ducks killed at the end of the trial.
For the balance trial, ducks of the same hatch were reared in separate pens until Day 8. Ducks were then moved to another animal house where they were kept individually in balance crates. Five ducks were allocated by BW to each of the eight diets. Total collection of excreta , 1,500 µg; niacin, 3,000 mg; folic acid, 100 mg; biotin, 10 mg; Ca-D-pantothenate, 1,000 mg; choline chloride, 50 g; butylhydroxytoluol (antioxidant), 10 g; Cu, 3,000 mg; Zn, 10,000 mg; Fe, 2,000 mg; Mn, 10,000 mg; Co, 50 mg; I, 150 mg; Se, 50 mg; in Experiments 2 and 3, the premix composition was the same, apart from Ca (243 g) and P (none).
was done for 5 d beginning at 12 d of age. Daily feed allowance was 100 g/duck, which was approximately 95% of the ad libitum intake measured for ducks that received the basal diet during the 3 d preceding the collection period. Feed intake was complete for all ducks. Excreta were collected from trays underneath the crates every morning and bulk-stored at −18°C for each individual duck. Trays and crates were particularly constructed and closed in the bottom region to avoid any losses of highly liquid duck excreta. Thawed excreta were thoroughly mixed, weighed, and analyzed for dry matter content. A representative sample was freeze-dried and subsequently ground through a 1-mm screen before further analyses. Ducks were weighed before the beginning and after termination of the collection period.
Experiment 2. Ducks from the same hatch as used in Experiment 1 were reared on commercial duck feed (9.5 g Ca and 7.5 g P per kg) until Day 20. On Day 21, 288 ducks were evenly distributed to 24 pens of 12 ducks each. Each pen was allocated to one of the eight diets. Diets were similarly composed as in Experiment 1 (Table  1) , but due to a lower inclusion of soybean meal and due to using a P-free premix, the P concentration in the basal diet was lower. Analyzed dietary P concentrations in the eight diets were (in g/kg): 3. 77, 4.15, 4.93, 5.39, 5.85, 6.81, 8.17, and 9.49 . Calculated NPP concentration of the basal diet was 1.3 g/kg, and the calculated concentration of AME was 2,900 kcal/kg (12.2 MJ/kg). The concentration of Ca increased correspondingly from 5.7 to 9.5 g/kg.
Diets were offered ad libitum from automatic feeders for 4 wk. Ducks were individually weighed at the beginning and at the end of the experiment. Feed intake was recorded.
Experiment 3. As no clear effect of dietary P concentration on duck growth became obvious in Experiment 2, the basal P level was further reduced in this experiment by use of gluten as the main protein source (Table 1) . P was supplemented in six graded levels, and the following P concentrations were analyzed in the seven diets (in g/ kg): 2.99, 3.24, 3.56, 4.00, 4.57, 5.40, and 6.30. The calculated NPP concentration of the basal diet was 1.2 g/kg, and the calculated concentration of AME was 2,900 kcal/ kg (12.2 MJ/kg). Concentration of Ca increased correspondingly from 6.1 to 8.4 g/kg. Ducks were reared on a commercial duck feed until Day 20. As in Experiment 1, this experiment comprised one growth trial and one balance trial.
For the growth trial, 10 ducks were allocated at 21 d of age to one of 21 pens by BW, and each diet was provided ad libitum to ducks from three pens for 4 wk. Ducks were individually weighed at the beginning of the experiment, after 2 wk, and at the end of the experiment after 4 wk. Feed intake was recorded accordingly.
Ducks for the balance trial remained on the commercial duck feed until 23 d. They were then moved into balance crates where they were kept individually. After 7 d of adjustment, total excreta were collected 5 d beginning at 30 d of age. Daily feed allowance was 15 g/100 g BW, which was slightly below the precollection ad libitum intake. Procedures of excreta collection and processing were as described for Experiment 1. The BW of ducks was recorded at the beginning and at the end of the collection period. Feed refusals were recorded on a daily basis.
Chemical and Statistical Analyses
In diets, the contents of dry matter (105°C), ash (after ignition at 550°C in a muffle furnace), total N and lipids (petroleum ether extract after HCl treatment), and crude fiber were determined according to standard methods (Naumann and Bassler, 1976) . Crude protein was calculated as N × 6.25. Dry samples of feeds, excreta, and body homogenates were ashed at 550°C, and the remaining ash was extracted with 6 N HCl. P was determined photometrically 9 as orthophosphate from filtered ash solutions, using the vanado-molybdate method (Naumann and Bassler, 1976) . Ca was analyzed by flame photometry.
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Retention of P (mg/d) was calculated for balance trials as the difference between P intake (mg/d) and the amount recovered in the excreta (mg/d). For the growth trial of Experiment 1, retentions of P and Ca were calculated as the amount of P measured in the duck bodies at the end of the experiment (g/duck) minus the amount measured in the representative blank groups on Day 1 (g/duck). The concentration of P in gained BW (g/kg) is the amount retained (g/duck) divided by the BW gain (kg/duck). Results were subjected to routine ANOVA procedures using the SPSS software.
11 In case of a significant effect of dietary P concentration, nonlinear models were used to describe the response. If the response was sufficiently large to allow application of a sigmoidal-type of function, we used the following four-parameter logistic equation (Gahl et al., 1994) :
where x = dietary P concentration (g/kg) or P intake (mg/ duck), y = response criterion, y max = asymptotic maximum response at infinite intake, b = y-intercept or response to zero intake, c = parameter related to the inflection point or shape, and k = parameter related to the scale of the data. Data for BW from Experiment 1 did not allow for fitting this sigmoidal function. Alternatively, an exponential function of the following type was used to describe the response (Rodehutscord et al., 1997) : Table 3 ). with x = dietary P concentration (g/kg), y max = asymptotic maximum response at infinite intake, b = parameter describing the steepness of the curve, and c = x at y = 0. The maximum response y max in these nonlinear approaches is achieved only at infinite intake. As an example, it is assumed for the estimates of requirement made herein that 95% of y max are the desirable level of performance. This level was arbitrarily chosen. Alternative conclusions can be drawn, however, for any other percentage of y max based on the details of parameter estimate that are given for each curve.
Efficiency of utilization of P was calculated from data of the balance trials in two different ways. The cumulative efficiency was calculated as milligrams of P retained per milligram of P intake, with retained P based on the predicted response curves. This, consequently, always refers to the total P ingested at any given level. Alternatively, we calculated to what proportion the supplemented P was utilized, uncoupled from any P provided from the basal diet. For this, the marginal efficiency of utilization (∆y/∆x) was calculated, given by the slope of the response curve for P retention depending on P intake as described with Equation 1. The course of marginal efficiency of utilization was, therefore, calculated based on estimated parameters and the first derivative of Equation 1, which is as follows (Gahl et al., 1996) :
Nonlinear regressions were calculated using GraphPad Prism 3.0.
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RESULTS
Growth Trials
In Experiment 1, ducks fed the basal diet showed severe symptoms of P deficiency after 1 wk. The only data recorded for these pens were, therefore, BW data from the end of 1 wk. BW gain, feed consumption, and feed/gain ratio were affected by dietary P concentration (P < 0.001, Table 2 ). Ninety-five percent of y max in BW were achieved with 5.14, 5.15, and 5.05 g P/kg by the end of 1, 2, and 3 wk, respectively (Figure 1 and Table 3 ). Baseline groups killed at the beginning of Experiment 1 contained (per kg BW) 3.1 g P and 7.9 g Ca. The contents of P and Ca in ducks killed at the end of Experiment 1 were improved by supplementation of MCP to the diet (P < 0.001, Table  2 ). For achieving 95% of y max in the concentration of P and Ca in BW gain, 8.1 and 7.9 g P/kg diet, respectively, were needed (Figure 2 ). In Experiment 2, when ducks were fed for 4 wk from 21 d of age onward, no significant effect of MCP supplementation on growth, feed consumption, or feed conversion was detected (Table 4) . Similarly, no significant effect was detected in the growth trial of Experiment 3 (Table 5) .
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GraphPad Software, Inc., San Diego, CA.
Balance Trials
Excretion and retention of P as well as the efficiency of P utilization were affected (P < 0.001) by the supplementation of MCP in the balance trials of both Experiments 1 (Table 6 ) and 3 (Table 7) . To achieve 95% of y max in daily P retention, ducks required 6.2 and 4.3 g P/kg diet in Experiments 1 and 3, respectively ( Figure 3) . P concentration in gained BW approached a maximum of 5.6 and 5.1 g/kg in Experiments 1 and 3, respectively (Figure 4) . When Equation 1 was fitted to P retention data (y, mg/d) with quantitative P intake (mg/d) as independent variable x, the following parameters were estimated: y max = 350.0, b = 165.7, c = 9,823, and k = 0.01860 for Experiment 1 and y max = 446.9, b = 185.5, c = 8,611, and k = 0.01408 for Experiment 3. Using these parameters, marginal efficiency of P utilization is described according to Equation 3 and is shown in Figure 5 . The maximum in marginal efficiency of utilization was 86 and 92% in Experiments 1 and 3, respectively. The respective maximum was achieved at a P intake of 500 and 650 mg/d, corresponding to 5.0 and 3.5 g P/kg diet in Experiments 1 and 3. The cumulative efficiency approached a maximum of 55 and 53% in Experiments 1 and 3, respectively ( Figure 5 ). P intake in the point of maximal cumulative efficiency was 570 and 750 mg/d and was achieved with 5.7 and 4.1 g P/kg diet in Experiments 1 and 3, respectively.
DISCUSSION
Aspects of P Requirement
Growing animals need phosphate for skeletal development as well as for several metabolic functions (Breves and Schrö der, 1991) . The amount of P retained by the animal is, therefore, the major factor determining the quantitative requirement for P and depends on the growth rate and P concentration in the gained BW. For dietary allowances, the requirement is commonly expressed in terms of concentrations rather than on quantitative data (e.g., NRC, 1994; GfE, 1999) . This includes that, apart from the quantitative requirement for P, other factors are considered; among these, the feed conversion ratio is very important. Similar to other growing birds and mammals, the amount of feed needed to achieve a certain amount of BW gain continuously increases with progress in BW. This is largely attributed to the increasing contribution of lipids to the gained BW.
In the present experiments, the feed per gain ratio was 1.6 g/g during 1 to 3 wk of age (Experiment 1), whereas it was 2.3 and 4.4 during 4 to 5 wk and 6 to 7 wk, respectively (Experiment 3). Similar differences in feed per gain ratio were measured in earlier experiments with this breed and similar dietary ME concentration (Timmler and Rodehutscord, 2001 ). This result explains why the ducks responded differently to the increasing dietary P concentration in different growth phases. The y max estimated for the P concentration in gained BW of ducks TABLE 2. Body weight, feed intake, and feed per gain ratio as well as minerals contained in the final body mass of ducks fed diets different in P concentrations in the 3-wk growth trial of Experiment 1 (n = 4 pens with 12 ducks each per treatment) Ducks from this treatment had to be removed from the experiment after 1 wk due to severe symptoms of P deficiency. from 1 to 3 wk of age in Experiment 1 was 5.0 g/kg based on whole body analysis and 5.6 g/kg based on balance data (Figures 2 and 4) . This difference might be caused by different periods being considered in the growth and balance trials and also by the differences in feeding regimes (restricted in the balance trial and ad libitum in the growth trial).
In Experiment 3, a P concentration in gained BW of 5.1 g/kg was estimated (Figure 4) . These values do not indicate a severe change in the potential P content of gained BW of ducks during growth. However, a dosedependent effect of dietary P concentration on growth was detected in Experiment 1, whereas there was no clear effect on growth and feed conversion in Experiments 2 and 3 with even lower basal P levels in the diet. Although 5.1 g P was needed per kilogram of diet in Experiment 1 to achieve 95% of y max in BW, 3.0 g/kg can be regarded sufficient for growth based on results of Experiment 3 (Table 5) . This difference appears to be even wider if the availability of P is considered (see below).
Farrell and Martin (1998) conducted a study with ducks in which diets differing in the level of supplementary P were used (3 or 1 g P from dibasic calcium phosphate per kg diet). The main focus of their study was on the nutritive value of rice bran and the effects of a microbial phytase, and factors were not varied independently. Thus, the study cannot be interpreted with regard to P requirement. Their results indicate, however, that supplementing 3 instead of 1 g of P/kg diet does not consistently improve the growth of ducks between 2 and 19 d of age. In another experiment, Pekin ducks did not grow better between 21 to 42 d when their basal corn-soybean meal diet was supplemented with dibasic calcium phosphate as compared to an unsupplemented diet (Orban et al., 1999) , which confirms our findings from Experiments 2 and 3. Apart from these effects of age, conclusions regarding the requirement of ducks also depend on the response criterion. Within our experiments, the P concentration needed to achieve 95% of y max in P retention (based on balance data) was 6.2 and 4.3 g/kg in Experiment 1 and 3, respectively, which is by a factor of 1.2 to 1.4 higher than the dietary P concentration needed for high growth rate. If maximum efficiency of a limited nutrient would be the aim, 5.7 and 4.1 g/kg, respectively, should be recommended based on data for cumulative efficiency from Figure 5 . No comparable data set with quantitative measure of P utilization is known for growing birds, but similar observations were made in dose-response studies on P with fish (Rodehutscord, 1996; Sugiura et al., 2000) . Ducks in the present study were obviously able to maintain a high growth rate with submaximal P retention, meaning that the body P stores were diluted. The y max estimated for the P content of BW gain from the balance trials was 5.6 and 5.1 g/kg in Experiments 1 and 3. If the dietary P level is assumed to be that needed for achieving high BW according to the results of the growth trials (5.1 and 3.0 g/kg), this finding corresponds to a P concentration in gained BW of 4.4 and 2.8 g/kg based on equations presented in Figure 4 . We have no indication from our results that this submaximal P concentration causes any problems to the growing duck. Before any recommendations for practical application are drawn, however, further studies should be conducted to form a more solid data base, perhaps considering other response criteria (for in- stance the mineralization of selected bones or the behavior of carcasses during the slaughter process).
The availability of P from vegetable diets to non-ruminant species can vary considerably due to the fact that a high proportion is bound in the form of phytate. Phytate is almost unavailable to poultry (NRC, 1994) in the absence of phytase, which is contained in some but not all vegetable ingredients (Eeckhout and de Paepe, 1994) . Commonly, the P requirement of poultry is expressed in terms of NPP assuming that P from phytate is completely unavailable (e.g., NRC, 1994; GfE, 1999) . This presumption, however, is questionable in cases where ingredients contain intrinsic phytase activity. More than 50% of P from wheat was retained by growing broiler chickens, although it mainly originated from phytate (Oloffs et al., 2000) . Apart from simple analytical differentiation, more sophisticated measures should be developed and introduced that consider the capacity of individual ingredients to be utilized based on measurements with birds. It also means, that the above considerations on P requirement can only be rough estimates, as they were made on the basis of total P. Depending on the availability of P from ingredients that are used, more or less total P than studied here might be needed. In order to make these results more generally applicable, we recalculated the data considering the utilization of P determined in the balance trials (Table  8) . Based on growth data, 2.7 and 1.3 g available P/kg diet were needed between Days 1 to 21 and 21 to 49, respectively. Based on P retention, 3.4 and 2.3 g available P were needed, respectively. In a study with growing ducks from 2 to 19 d, Farrell and Martin (1998) used diets with different inclusions of rice bran and two different levels of P from dibasic calcium phosphate: 1 and 3 g/ kg. They measured growth and P retention (% of intake) of their ducks. Whereas the P supplementation of 3 g/ kg instead of 1 g/kg improved growth when a diet containing 20% rice bran was used, it did not show an effect on growth with a rice bran inclusion of 40%. Recalculating their data shows that the level of available P was improved from 2.5 to 3.3 g/kg for the diet containing 20% bran and from 3.1 to 4.1 g/kg for the diet containing 40% bran. According to our estimates of requirements for growth, the ducks had a sufficient supply for high growth (2.7 g available P/kg) with supplementation of only 1 g P/kg to the diet with 40% bran but not to the diet with 20% bran, which could explain the differences in responses of the ducks.
Aspects on P Availability
The efficiency of utilization of P from the basal diet was 49 and 43% in Experiments 1 and 3, respectively (Table 6 and Table 7 ). As in both basal diets, organic P originated mainly from maize and soybean meal; this difference was likewise due to the 0.4 g inorganic P that was contained per kilogram of the basal diet in Experiment 1 but not in the basal diet used in Experiment 3. The supplementation of MCP increased the overall efficiency of utilization up to a similar maximum of 55 and 53% in Experiments 1 and 3, respectively. These values Cumulative efficiency as given in Figure 5 .
always refer to the total P contained in the diet (from the basal ingredients + the supplemented MCP). In contrast, the marginal efficiency describes the utilization of each increment in P intake. As we set feed intake to be constant, the increases in P intake as well as in P excretion were given only by MCP supplementation. Endogenous P secretion, which is assumed to depend on dry matter intake (Fan et al., 2001) , does not effect marginal efficiency. The course of marginal efficiency was very similar for both experiments ( Figure 5 ), indicating that there were no agedependent differences in the abilities of ducks to utilize P from MCP. The respective maximums were 86% in Experiment 1 and 92% in Experiment 3. If it is accepted that the term availability should describe the capacity of a feedstuff (unaffected by regulatory mechanisms of the animal), this maximum should be a suitable measure for P sources to be described regarding their availability. For pigs, in which the availability is commonly measured on the basis of apparently digestible P, MCP was found to be available at about 90% as well Rodehutscord et al., 1994; Eeckhout and de Paepe, 1997) .
Comparative studies on the bioavailability of P from inorganic salts were usually based on the slope-ratio technique (e.g., Ravindran et al., 1995) . This ranking of P sources has the disadvantage, however, that it depends on the chosen response criterion (Ravindran et al., 1995; Lima et al., 1997) . It is implemented with the use of sigmoidal models that the first derivative has a maximum and that the slope describes the diminishing return, which needs to be taken into account with attempting the maximum response. In the present study, increasing P intake up to the level that was needed to achieve 95% of y max in P retention caused a reduction in marginal efficiency to 30% (Table 9 ). On the other hand, aiming at a maximum in marginal efficiency would mean that only 75% (Experiment 1) or 72% (Experiment 3) of the maximum in daily P retention could be achieved. High performance is, therefore, not to combine with the most efficient utilization of dietary P, a picture that has been similarly described for rainbow trout (Rodehutscord, 1996) .
In experiments with restricted number of treatments or an insufficiently wide range in supply, the data set does often not allow for the fit of sigmoidal or other nonlinear functions. The conclusions from such studies regarding the efficiency of utilization might be different Based on Figure 5 .
from the one we made here. Often, the broken-line approach (Robbins et al., 1979) has been used to evaluate dose-response relationships, implementing a constant efficiency of utilization up to where the requirement is just met. Similarly, Fan et al. (2001) used the linear regression analysis to describe P output of pigs depending on P intake to simultaneously determine the true digestibility of P from soybean meal and the endogenous P secretion.
If the broken-line model is fitted to the P retention data as given in Figure 3 depending on P intake, the slope of the ascending part of the line up to the breakpoint (612 and 827 mg/d P intake in Experiment 1 and 3) is similar for the two experiments (0.75 and 0.73 for Experiment 1 and 3). Similar to the marginal efficiency calculated above, this slope refers to the supplemented P from MCP only and it is not affected by endogenous losses. Thus, it can be interpreted as availability of P from MCP as well. The values are, however, lower than the maximum values determined for marginal efficiency. This finding is consequent because the linear approach describes the average efficiency of utilization up to the breakpoint, whereas the maximum in marginal efficiency does refer to the utilization of the incremental P intake in the inflection point of the sigmoidal P retention curve only.
Conclusive Remarks
The results of this study indicate that growing Pekin ducks require less P in their diet than currently assumed (NRC, 1994) . For high growth rate, 2.7 and 1.3 g available P/kg diet were needed between 1 to 21 d and 21 to 49 d, respectively. For high P retention, 3.4 and 2.3 g available P/kg diet were needed, respectively. The latter values should be considered as long as further studies clarify whether growing ducks really need the maximum in P retention. Approaching the maximum in the efficiency of P utilization is related to a submaximal P retention. Potential P sources (plant and mineral) need to be identified according to their availability, which requires measurements with restricted P supply to ensure that the capacity of the feedstuff is measured.
